
,

. .
AAS-95-149

MEASUREMENT OF MARS ROTATIONAL VARIATIONS VIA
EARTH-BASED RADIO TRACKING OF MARS LANDERS

Robert D. Kahn* , William F. Folkner’,
Robert A. Preston’ , Charles D. Edwards, Jr.’{

The INTERMARSNET  mission currently under study by the European
Space Agency (ESA) and NASA involves the deployment of four Mars
landers which will perfc]rm  seismologic, rotational, magnetic and
meteorological measurements to infer the internal structure of the planet,
its magnetic properties, and atmospheric circulation and weather patterns.
The measurements of Mars’ rotational vatlations  are to be conducted via
weekly Earth-based radio tracking observations of the lander network over
one Martian year (687 days). Two-way carrier phase measurements
between an Earth antenna and each of the landers will enable precise
monitoring of the planet’s orientation and Iongth-of-day  variations, allowing
details of Mars’ internal structure and global surface/atmosphere
interactions to be determmed for the first time. An analysis has been
performed to investigate the accuracy with which key physical parameters
of Mars can be determined using the Earltl-based radio tracking measure-
ments. Acquisition of such measurements over one Martian year should
enable determination of Mars’ polar mcjment of inertia tc~ 0.1 ?4., providing a
strong constraint cm radial density profiles (and hence c~n the iron content
of the core and mantle) and on long-term variations of the obliquity and
climate of Mars. Variations in Mars lengttl of day and pc)lar motion should
also be detectable, and will yield information on the seasonal cycling of C02
between the atmosphere and the surface.

INTRODUCTION

‘J’hc lNTJ~RMARSNET  mission currenlly  j~)intly under study by the liumpcan Space
Agency (liSA) and NASA involves the dep]oyn  Icnt of a nctwmk of four Mars landers].
Seismologic data acquired from the lander network will serve as a sensitive probe into the
intcmal structure of the planet by monitoring the propagation of seismic waves through
Mars’ interior. Ear[h-based  tracking of the ]ander nctwmk  provides complementary
information by measuring the planet’s rotational ir-rcgu]aritics which arc caused principally
by the torque cxcricd  on Mars by the Sun, but which may also have components arising
from the dynamics of a fluid core or sLIIf:icc/:ttIll(}s~>llcrc  intcraciions. Accurate n]onitoring
of variations in Mars’ orientation over a large  fraction of a h4artian year enables extremely
accurate cst i mat ion of the polar principal nmmcnt of incr{ia.  The. Mars po]c prcccsscs about
7.5 arcscc pcr year, ccjuivalcnt  to 50 m displaccn  lent  at the planet’s sLIrFdcc. Dctcmination
of the nmmcnt  of incr[ia, and hcncc (1IC rate of J)rcccssion, to within 0. 19k would impose
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significant constritints  on ndc]s  for the composition of the planet’s interior2. Knowledge
of lhc mcmcnt of inertia  is also a kcy to lmlcrstallcling  long term changes in the ob]iquily
and resultant climate variations. Accurate measurement of the semiannual nutation  of the
pole woLIld dclermine the size of the Mars liqui(i core to an accuracy of 100 km (Ref. 3).
l%lb-based tracking of the ]andcr network is also sensjtivc  to polar motion (movement of
the crust rc]ativc to tbc spin axis) ancl vat iations in Mars’ ]englll-of-day.  Mars is expcctcd
to have semiannual and :innual-pcrio(l  length-of-day variations of amplitude 20 ms
(cquiva]cnt to a 5 m change in position at the p]anet’s surfitcc)  duc to the scasona]
sublimation and rcfrcczing of the Mars polar ice caps4, and Inay have dctcctab]c  polar
motion resulting from asymmetry in polar icc cap deposition. An accurate record of these
effects over a Martian year would ]cad to a I-mttel  Ll~l(lcrstaIl(li~-lg,  of the seasonal cycling of
CC)L  bctwccn  the atmosphere and the p]a[lct’s surfiicc.

An car]icr studys  showed th:it clccimctcr-lcve]  clctcmination  of Mars precession,
nutatim and lcng(h-of-day  variation is possible via simult:incous  1 iarth-basccl tracking of a
net work of three MaIs landers (a cleci  meter at the sLufacc of M m corresponds to a rot at ion
of 6 mas). III that analysis, the orjcntation  of Mars was moclc]ccl as comprising linear terms
to account for prcccssion,  and annual and semi-atlnual  period sinusoickd  nutation  terms for
each angular  component of the pole position. III the current analysis, rather than directly
estimating the amplitudes of various nut at ion terj m, many of which are high] y corrclatc(i,
wc employ ii simple physical model for the Mars interior and estimate kcy physical
parameters which affect the precession and nutat ion amp] it udcs.

‘1’hc next section contains a brief description of the information content of differenccd
two-way carrjcr phase measurements from E:ir[b-based tracking, of two or more Mars
]andcrs. The following sections describe the physical model used to describe the rotation
of Mars an(i the mcasurcmcnt  accuracy of l:lll(lcr-diffcrc  j~cccl carrier phase data. ]iinally, a
covariancc  analysis is presented and the mults arc discussed.

MEASUREMENT INFORMATION CONTENT

“1’hc data type being considered in this analysis is diffcrcnccd  two-way carrier phase.
An Iiarlh antenna uplinks a carrier signal to two or more Mars ]andcrs,  each of which
cohcrcnt]y  transponds the carrier signal. The returning si:,nals  are phase-trackccl at the
llartll antenna, and the signal phase from each pair of ]andcrs is diffcrencecl.  ~’he
cliffcrcnccd phase mcasurcmcnt  is insensitive to l;arth  rotation, I iar[h-Mars relative motion,
and fluctuations in delay due to the F,ar[h and Mars troposp]]crcs  and ionospheres; the
signature in the ]andcr-diffcrcncccl  carrier phase data arises from changes in the relative
range bctwccn  the ]andcrs and the Earth anlcnna  as the landers rotate about the Mars spin
axis. Ovcr a Martian day, the projection on to the ecliptic plane of the equatorial component
of the lander-lander baseline traces out an cl] ipse with major axis B and minor axis
11 cm(l),  where 11 is the equatorial component of Ihe baseline a;]d I is the obliquity of Mars
(the inclination of the Mars cquato] relative to the ecliptic plane). q’hc geometry is depicted
in ]iigurc 1.

If the liarlh-Mars direction is parallc]  to the projection of the Mars rotation axis on to
the ecliptic plane, then the ]ancicr-diffcrcnccd ran:c,  Ai-(t), is of the form

Ar(f) =]] COS(/)  COS(@~ t + ~())

where 1 is the obliquity of Mars (the inclination of the Mars equator relative to the Mars
orbit), and [~M is the rotation rate of Mals. If the Earth-Mars direction is orthogonal to the
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Figure 1 Geometry of Mars lander motion projected into the ecliptic plane
(viewed from North ecliptic pole)

pmjcc[im  of (1IC Mm rotation axis m to the ecliptic plane, then (IIC lal~dcr-diffcrci~  ccci
range is of the form

Al”(t) =11 Cos( (OM 1 -t (/’@

III general, if l;ar(h lies an ang]c < from the projection of the Mm spin axis on to the
ecliptic p]anc, the lander-cliffercnced  range takes the form:

Ar(f) = sin <[B sin(fo~ 1 -t @o)] + cm ~ [1~ cos 1 cos({o~ ~ + 00)1 (1)

lic]uation (1) shows that the ciiffercnccd range sigmturc is sensitive 10 the obliquity, 1,
and the cc]iptic ]ongitudc of the Mars pole, 1# (a small perturbation of 1# prodLIccs  an
cc]uivalcnt  pcrlurbat  ion in Ihe ang]c <).

II-I order to gain additional insight into the information content of two-way lander-
diffcrcnccd  range it is instructive to consider a simple case where the Mars network
consists of 4 landers --- an Iiast -West (13W ) base] inc fomcd by two 1 andcrs on the ccjuator,
and a North-South (NS) baseline consisting of two landers which lic on a common
]mlgitudc  and arc equidistant from the cqualor. Both the IiW and NS baselines are of
length B. ~onvcnticmally,  for the Earth, rotational variations arc broken into five
component ang]cs, two describing the direction of the angular momentum vector in inertia]
space, onc describing the angle of rotation about the moment of inertia vector, and two
describing the oricntaiion  of the surface with respect to the moment of inertia vector (polar
motion). This decomposition is employed so that slowly varying angles may bc used to
dcscribc the rotational variations of the ang,u]ar mo]ncntun]  vector.
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Sensitivity to /  and yf

If the nominal valLIc  of 1 is inaccu]  ate by an anmLInt  N, then the diffcmnccd range
obtainccl  from the IM-WCS[ lander pair will cxhibi[ a residual si::na(urc of

If the l;ar[h-Mars direction is perpc]dicu]ar  to the projcdion  of Mars’ spin axis on to
the ecliptic plane (j.c. < = 900), then cliffcrcncccl range measurements arc completely
insensitive to variations in 1. On the othcI hand, mhcn < = 0°, the anlplituclc  of the rcsidua]
signature is fil 11 sin 1. If the EW baseline is 1000 km, [hen since 1 = 25°, the amplitude
of [he signature is about 400 km x 61. Thus, for example, an error of 50 mas in the
obliqujty  would produce a djumal  CIiffcrellc.c(i-rallgc  signature of amplitude 10 cm.

If the nominal value of ~is il]accuralc by atl amount d~l, [hen the nominal value of ~
is a] so inaccurate by an amount 6yI. The diffcrcncccl  range obtai ncd from the I;W base] inc
will cxhibi[ a rcsjdua] sjgnaturc  of

Thus, depending cm the value  of <at the tin IC of the mcasurcmcnt, [hc amplitude of
(he residual signfiturc  is between lli$~ and B 6yl [0s(1) Z= 0.9 l;fiyl.  l;or a 1000 km lander
baseline, an error of 50 mas in ~ would produce a diurnal diffcrcnccd-range signature of
amplitude 22 10 24 cm.

Djffcrcnccd  range n]casurcmcnts  from tl]c NS lander basc]jnc arc completely
inscnsi(ivc  [o pcr[urbations  of 1 and ~ since the NS basc]inc has Y,cro cqua[orial  projcctim.

Sensitivity to Polar Motion

Polar motion refers to a small rotation of the planet’s crllst f]gurc axis wjth respect to
the moment of inertia, cffcctivcly  ~novin~,  the pole of figure. A crus(al rotation of 6(7 of
the liW baseline about an axis parallc] to the baseline would  1101 change its equatorial
projection and would thcrcforc not alter the diffcl cncccl range signat  urc. A rotation of M
about the axis which lies in the cquatorid  plane :incl bisects the 1 iW basc]inc woLIld change
the ec]uatorial  projection of the EW hasc]inc  by an onmLInt

&Ar(I)) =]; (] - COS (60)) =]; (60)2/2 (4)

Thus, depending on (1IC va]uc of < at the ~inlc of [hc Illcasurcmcnt,  the. residual
diffcrcnccd range signature WOUIC1  have amplitude between B (80)2/2 and 0.411 (&9)2/2.
If the baseline length  is 1000 km, then a deviation of 50 mm woLIld produce a diurnal
(Iiffc]cllcc(l-l:lllgc  signature wjth ampljtude  on the order of 10“7 cm -— much too small to
be clctcctcd  from l:tl~(lc]-(liffcrcllccd  range mcasurcjncnts.

A rotation of 60 about cithel  the X or Y figure axes would increase the cc]uatoria]
projection  of NS froll~  zero to R sjn(&3)  = 60 B. 1 f the baseline lcl~gth  is 1000 km, then a
(icvlat ion of 50 mas in polar motion woLIld produ(e  a diurnal di ffcrcnccd-range sjgnalure
with ampli[mlc  24 cm.
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Table 1

SENSITIVITY OF LANDER-DIFFERENCED CARRIER PHASE MEASUREMENTS
TO PERTURBATIONS OF MARS ORIENTATION PARAMETERS

m-– – ‘–”-”-7AIIIplitLICiC, in cm, of lall(ier-diffcrc[~  cc(l range signature
from SO mas pml urbation  of’ M ars orient at I On parmcter

BE+-–%LL-E:*
“1 /!mp]iludc depends m va]ue of < at time of observation (see  }iigulc  1 and liq. (] ))

Note: 1) 50 mm pcrturhatioa of Mars orimtati{)rl  is equivalent to 82 cm of displacement
at the plaaet’s surface

2) Sensitivities are ctircctly pr(lpor(ioaal  (o baseline leap(b

Sensitivity to Length of Day

lkw the l:W baseline, a pcriurbation  of&$ of the rotational orientation of Mars about
its spin axis results in a rcsiciual  differcllcc(l-rai-lgc  signature of

Thus, depending on the value of ~ at the til ne of the measurement, the amplitude of
the residual signature is between B@ and 11 d~~ cm(l) = 0.4 B6@. Since the equatorial
component of the NS baseline is ~,cro,  it is not sensitive to pcr{urbaticms of the rotational
orientation of Mm about its spin axis.

The sensitivity of differcnccd-range  data to variations in the orientation angles is
summarized in Table 1. 1.andcr-diffcrcnccd  carrier phase measurements acquired from the
l~W and NS baselines arc sensitive to complementary components of Mars orientation.
While the NS baseline is sensitive to the two cmnponcnts of polar motion, ~,, and Y,,,, it is
completely insensitive to variations in 1, yl, and ~). III contrast, the EW basellne  is sensitive
to the latlcr parameters, but not to polar motio]l. Thus, in order to recover information
abou( all of the orientation parameters it is important that ciata  bc acquired from baselines
with components in both lhc NS and IiW directions.

MARS ROTATION MODEL.

Our model for the lotaticm of Mars is based on the work of Reascnbcrg and King6.
“1’i~c tr;illsforl~l;itioll from a Mars crus[-fixed coordinate, x, to the stan(iard  EMFi 2000
incrtiai vector r is given by
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where J/i(0) rcprcscnts a counter-clockwise rotation about  axis i through an a]~glc  0, e.g.

[11 0 0

)/,((3)=  o  UN(3 sin 0

0  .-sin 6 cos@

X,, and Y,, arc the crust-fixed cocmlinatcs  of Mars’ spin axis; @is the rotation abou[ the spin
axis; 1 is the inclination of the (instantaneous) Mars equator to the (fixcci)  Mars mean orbit
plane of J2000;  yJ is tbc longitude of the Mars spin axis in the mean Mars orbital plane of
J200() mcasurcci  with respect to the intersection of Mars’ mm] orbit and Earth’s mean
cquatm of J2000;  N and ~ transform bctwccn  the inertial Mars-mean-orbit systcm and the
li:ir(]l-~~lc:t~l-cc]  ll:itol”  systcm of J2000 with .1 the inclination of Mars mean orbital p]anc
relative to IMlh’s  lncan equator and N the aIIgle bctwccn l;arth’s  equinox and the
intersection of Mars’ mean orbit and Earthfs mean equator of J2000.

I~or a rigid Mars, the changes in the direction of Mars’ spin axis in incr[ial  space clLIc
to torqocs from the Sun and other solar systcIn bociics  arc dcscribcd  by series expansions
of the ang]cs ) and I/:

1(1) =10 + $1,,, cm(q)++ 0,,,)

(6)

~’hc trigonometric arguments in Iiqs. (6) illvolvc  multiples of the mean anomaly of
Mars, M, and the ang]c q = 242 + 2fLJ - 2yI, where Q is the longitude of the Mars orbit
ascending node with respect to the I“;arth JNcan  ecliptic, IncasLIrccl  from the Earth’s equinox,
and fo is the argument of pcriapsis.  ‘l>hc rate of (hangc of M is the mean mootion, )z, while
the rate of change of q is ncg]igiblc. “1 ‘hc amplit udc coefficients /,)1, yl,,l ancl yl arc functions
of Mars’ orbital clcmcnts and principal moments of jncrtia. ‘J’hc dominant uncertainty in the
motion of Mars’ spill axis is clue to uncertainty ill the polar principal moment of inertia, ~;
the amplitude coefficients aIc proportional to the quantity (~ - A)/C”, where A is the moment
of incr[ia  about an axis in the plane pcrpcndicu]ar  to the spin axis (wc assume axial
sylnmctry  about the spin axis). ‘]’hc uantity  C-A is WCII dctcmincd  from mcasurcmcnts  of

7the .lJ component of the gravity field . (hlly a sjl~all  number of tcms is nccdccl to dcscribc
the motion of Mars’ po]c at the mill iarcsccond  lmcl; we usc the tcms through )n = 9.

To nmclc]  the fluid core within the rigid nlantlc,  the periodic motion of the spin axis
js cxprcsscd  in prograclc and ret rogradc  lc.rms, r,,, ancl p,,l :

The nominal progradc and retrograde

F,;, = /“,71 (1 +1’. ‘a’” )
- [x,,, - 00

arc modifit’d  by the f] uid core according to8

(7)

P1’)1 (= p,], 1 + }“ a’” ) ,
(X,)l  -  0(/
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where 130 is (IK2 free core nutaticm rate, and the parameter J’ Js ratio of the cmc moment  of
incrlia to the nmmcnt of incrlia of [hc solid body. Sjncc the cocfficjcnts  pi,, ancl  r,)l in
1 iqs. (7) arc line.ar combinations of 1,), and ~,), , the> arc proportional to 1/~.

III (he covarjancc  analysis we usc the (ransformatjons  from Mars crus(-fixed
ccmrdinatcs  given above and solve for corrections to the cocfficicn[s ~, l’, and ofl wjth
nomina] values 0.365, 0.070, and 1.5 dcg/day rcspcctivcly.  III addition, for each
observation session, wc solve for an independent value of mta[ion variation about the pole,
@, and X and Y polar nloljon  sjnce wc expect these to vary m)domly  CIUC to interactions
bet wccn the planet’s smfacc and atmosphere.

MEASUREMENT ACCURACY

TIc signal transmitted by the Earth {recking, station is acquired by the Mars ]andcrs
and cohcrcnt]y transpondcd back to Earth. Bctwccn the time i( arrives at (IIC spacecraft
antenna and js retransmitted, the sjgna] undergoes a variety of phase and group delays
induced by filters and other components in the spacecraft tclccol~~l~llll~ications  subsystem.
“1’hcsc delays vary with tjmc and with the changinp  environmmtal  conditions at the landing
site, particularly the tc.mperaturc. Diurnal tcmpcralure  variations at the landing sjte will give
rise to diurnal variations in the transponder delays; the resul(ing  signature in the lander-
diffcrcnccd phase may be confused with djurnal  sjgnal  urcs result ing from errors in the
nominal Mars orientation parameters. ‘1’hc extent to whjch lan(icr transponder delay
variations jntcrferc  with the parameter estimation depends strongly on the magnitude of the
delay variations. This dcpcndencc is jnvcstigatcd  by considering a variety of transponder
delay stabilities, ranging from 40 to 600 picoscconds pcr day. As a baseline wc use a
s(ability  of 75 pscc which is characteristic of the ~assini trmsponclcr  over the tcmpcraturc
range cxpcctccl  to bc cxpcricncecl by the clectmnics  on the surfidcc of Marsg. Within the
covariancc  analysis, each lander’s transponder delay is modeled as a random walk
parameter growing in uncertainty by 75 pscc pcr day. To test the validjty  of this model, a
simulated 4 hour arc of ]andcr-dif’fercnced  data was ~cncratcd  wjth variations in Mars
rotaticm  ang]cs and diurnal signatures for the delay cm each Iandcr transponder, The diurnal
signatures had 75 pscc anlp]itude  and phase proportional to the elevation of the sun. The
lander transponder dc]ays were mode]ccl  as random walks and the amplitude and phase of
(I1c djurnal signalurc were estimated along, wj~h the rotation variations. The resulting
cs(ima(cs  and ] -sigma uncertainties of the rotation parameters were consistent with the
WIIUCS  inserted for the simulation.

Radio signals propagating throu~b  jntcrplanctary  space unclcrgo significant phase
varitttions  arising from electron density fluctuations in the sohir wind along the signal path.
‘1’hcse fluctuations bccomc increasingly pronounced as the Sun-Ihu-th-Probe (SEP) angle
dccrcascs ancl the signal traverses denser regions  of solar plasma. The contribution of the
solar plasma to ]ander-djffcrcnced  phase error is computed using a statistical model for the
phase fluctuations derived from thousands of hours of Viking S and X Band radio-tracking
mcasurcmcnts]  0. The plasma-induced phase nojse on landc.r-diffcrenccd phase nlea-
surcmcnts  is not whi[c phase noise, but bcca~lsc of limitations inherent in the f]ltcring
software, it is simpler to model it as white and compensate for this mismodcling  by scaling
the nojsc  ICVCI appropriately. If the Mars landers arc scparatcrl by 1000 km, and the Sun-
Ilirth-Mars  angle is 25°, then the two-way lander differcnce(i phase measurement error over
5 minutes is estimated to bc 1.8 mm if the Earth- lander link is at a 2.3 GIIz radio
frequency (S-hand). This level of mcasurcmcnt  error is small enough that the rotation
determination is dominated by the lmicr transponder stability. (The phase error would be
even snmllcI al the 8.4 (“i}lz. X-band frequency). A detailcrl  discussion of the solar plasma
phase error is prcscntcd  in ~hc Appendix.
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A numbcrof  othcrcffects  corrupt the larld<’r-diffcrcllcc{l  phase n]casL]rcnlcnts at a
lCVC1 sl~~allcr  tl~al~thc  solar plas~l~tinoisc. ‘J’here is white noise in measuring the Iwo-way
carrier phase clcpcncling  cm the received signal to noise ra[io. IIowcvcl  if the ]anclcrs
transmit an equivalent isotropic radiatcci power (EIRP) of 1 W to a DSN 70 m antenna,
then the phase mcasurcmcnt cmw is smaller than the solar plasma noise. Uncalibrated
phase dispersion (non-linear phase response) in the 13artb st[ition instrumentation also
jntroduccs an crmr in the lanclcr-diffcrcncccl  phase mcasurcmcnt.  The uncalibrated phase
dispersion at S-Band is about 0.18 mm (Rc.f. 11).

The ]anclcr-cliffcrcnce.d  phase. measurements uncicrgo phase fluctuations induced by
signal propagation through the troposphcrcs anti icmosphcrcs  of liarth and Mars. If the
landers arc separated by 1000 km on Mars, then their maximum angular separation as
viewed from 1 larth is 13 prad, when the liarth-Mars clist mm is at its minimum (0.5 AU).
As a result, Ihrth  mc(iia-induced phase fluctuations on the signals cancc] nearly con)plclcly.
l:or example, if the z,cnith clclay  throLlgh  the Earth’s tmposphclc  is calibrated to 4 cm, the
c.rror jn l:il]dcr-diffcrcllcc(i  phase is ICSS than (). 1 mn] for c]cvations greater than 5°,
assuming a cosccant  tropospheric delay mappinp  function. Similarly, l:tllcler-diffclcllcccl
phase fluctuations inclucccl  by the liarth’s ionmsphcrc  arc vanishing]y  small, assuming
typical z,cnith total clcctmn content  calibration to 5 x 101 b cl/n]2.  (Y.cnilh  Tli~  is the path
integral of the electron dcnsjty  through the ionospl)crc,  in tbc mlith clircction.) Because the.
angular separation of the Mars landers as vicwccl from Earth is so small, errors in tbc
location of the ~~arth antenna, and Fiarth orientation crmrs cancc] nearly perfectly when the
phase from tbc two h4ars ]andcrs  is cliffcrcnccd.

I~or Mars ]anclcrs separated by hundreds or thousands of kilometers, the effects of the
Martian troposphere ancl  ionosphere on the carrier signals arc largcl  y inclcpcndcnt.
llowcvcr,  the neutral atmosphere and ionosphere of Mars arc much more tenuous than
those of Ilarth;  these delays change gradually during a tracking pass as the elevations of the
signal ray paths change. WC assuJnc that the total zenith (roposphcrc  delay of 4 cm can bc
calibrated to 10% usin i}?-,siru atmospheric prmsurc  l~lczisllrc.ll~cllts,  :ind that the total zenith

5~’li~ is 1 x 1010 clh (Ref. 12), equivalent to 8 cm of dc]ay on an S-Band signal. The
change in the tropospheric and ionc@clic  delays rcsu]ting from the changing elevation of
the sigma] path over 5 minutes is a fraction of a millimeter.

lmpcrfcct knowlcclgc  of the relative position  of 1 iarth and Mars introduces an error
on the lander-differcncc(l phase data which varies over the Iiarlh-Mars  synodic period. ~Thc
JPI. cphcmcris IJIi234 ] 3 exhibits uncertainties of order 10 nrad in the apparent angular
position of Mars as viewed from Fiarth, CILIC  primarjly to uncertainties in the rc]ativc
inclinations of the 1 hulh and Mars orbit p]ancs.

COVARIANCE ANALYSIS

A covariancc  analysis was pcrfornmd to dctcrminc the ability to estimate M:irs
orientation and physical parameters using landel  -diffcrcmecrl plmsc mcasurcmcnts from a
triad of landers. The landers were oriented in an isoscclcs  right-triat)g]c  with onc 1000 km
baseline oriented Iiast-West and the other 1000 km baseline [)ricntcd North-south.  lhur
hours of ]andcr-diffcrenccd  phase nlcasL]rcnlcnts  from both basc]incs were simulated
during once-weekly tracking passes beginning on 2-Jal”lUENy  2004”, and cent inuing for onc
Mars year. The cliffcrcnccd  phase mcasurcmcnt~  were schcdLIlcd at onc of the 70 m IX3N
antennas. The lander network was chosen al bitrarily; any similar arrangement with
baselines about 1000 km long ant] significant North-south and Iiast-West baselines should
give comparable results.
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‘1’hc covariancc  analysis assumptions am summarized in ‘l’able 2. Estimated

parameters nmclclcd  as constants include the angular coordinates of the Mars pole position 1
and yl, the Mars polar monmnt  of inertia L’, the ra[io of the core moment of inertia to the
solid body nmmcnt  of inerlia,  l“, the free core nutation  rate, 00, a length of day corl’ectiom
~ , Mars X Polar Motion, X,,, Mars Y Polar Motion, Y,), and the lander locations. All
parameters cxccpt @ al)cl polar motion arc moclclcd  as const:tnts  over the Iwo-year dala arc.
‘1’hc parameters @, X,), anti 1~, arc estimated indcpcndcnt]y  for each pass.

The diffcrcnccd  phase data are wcightccl  at 1.8 mm to account for mcasurcmcnt  errors
arising from the solar plasma, the.rmal noise, and instrumental phase dispersion. in the
initial analysis, lander transponder delays are modeled as random walks with variance
growing by (75 pscc)2 per day.

Table 2

COVARIANCE  ANALYSIS ASSUMPTIONS

Mlit”v lAII~dCr I,ocati{)jl,v
1,atitudc (dcg) ] ,oIIgjhdgd&@—-. —.—

1 >andcl’ 1 2. 2
1,andcl’2 2 22
1 .andcr 3 22 2

(Incc-wcck]y  q-hour  Iracking passes at a sing]c ~iar[h anlcnna
Jan. 2, 2004 to Nov. 27, 2005.
Two-way l:ill(lcr-diffcrcllced  phase clata weighted at 1.8 mm (S-rein integration)

Polar moment of inertia, L’
Moment of inertia ratio, 1’
I~rcc  core nutation  rate, 00
Mars obliquity at J2000,  10
Mars pole longitude at J2000,  V7
Mars length of day correction, @
Mars X polar motion, X,z “1
Mars Y polar nmtion,Y,,  1
1 .andcr locations
].andcr transponder delays’1’1

Nominal Value _._.
0.365
0.07
1.S deglday

25.19202 dC~

-98.02561 dcg
O dcg
O dcg
O deg

-A l?!j&ljLJllccriaillty
0.5
().5
1.0 deglday
0.5 deg
0.5 C@
1 Clcg
1 dcg
1 dcg

1000 kndcomponcnt
0.1 s

1 is(ilnalcd paramclm  mo(ldd as constants over the two ycaI data arc exccpl:
“i cstima(d  iadcpcadcntly for each weekly pass
‘1 ‘Icstill)ii[c(l :1s NIIK1OIII  walk whose variance grows  by (75 })SCC)?  ]~cl day

lJnccllainty
Mars zenith troposphere delay 4111111
Mars ~,cnith ‘1’lK 1 x 10’(’ el/n12
1 hth slat ion locations 3 cnl/col  lq)oIlcnt
1 ~arth I’olar  Motion 1 Ill:iS/C(JlllJ>OIICllt
I;arth lJT 1 70 pscc
Mars-1 hull]  cphcmcridcs <kvariancc from 1)1 ;2.34 (= 1() mid)
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‘J’o ackimss  errors arising from misnmlcling  of the hlars and ~~artl~ n]cdi~i effects, the
IIar[h ancl  Mm cphcmcricies,  and Earth orientation and the liarlh station’s location, a
consider analysis was performed. “C;onsidercci”  ]mramctcrs arc not estimated; rather the
formal p:iramctcr  uncertainties calculated by the least-squares analysis  arc increased by an
amount corrcsponcli  ng to the sensitivity of the parameters to unccr[at intics in the considered
parameters. The Mars zenith troposphere clclay, and zenith ‘1’IK arc assigned uncertainties
of 4 mm and 1 x 1O’6 el/n12,  respectively. The 1 ;arth and Mars ephemeris clcmcnts arc
:issigneci  a covariance derived from the .111, Ill ;234 ephemeris. I;arth sta(ion location
uncertainties arc assumed to be 3 cnl/conlponcnt,  Earth polar motion uncertainty is
1 I~l:~s/co]]ll>oIlcI~t,  and unccr(ainty  in Earth [JT1 is 70 psec.

‘1’hc rcsu]ts  of t}le covariancc analysis ale summarized in Tab]c 3. Mars’ polar
moment of incr[ia is clctermincci to O. 1 % of its nominal value; the uncertainty on the
cstimalc  of the nmmcnt of incrlia ratio, I;, is 0.011. The free core nutation  rate, q,, can be
estimated to 0.02 clcg/clay  which corresponds to unccrtaint  y of i 3 days in the free core
nutation  pcriocl, assuming a nominal pcrioci  of 240 days. Because Mars polar motion and
rotation about its spin axis arc estimated inclcpcnclcnt]y  for each of the 98 weekly passes
over the two year pc.rioci,  Table 5 reports the ral lgc of unccr(aintics  obtained for each of
these paramctm. All lie between 4 and 24 mas (corresponding to 7-40 cm at the planet’s
surface). Finally, the angular eoorciinatcs  of the Mars spin axis at J2000, 10 and I/. , can
bc measured to 2 and 43 mas, respectively. For all of the parameters, the formal
unccr[ainty dominzttcs;  the most si~nificant  consider parameter is the Mars troposphere.

‘]’hc mvariancc  analysis used a data wciglll  of 1.8 mm for S-rein lanclcr-ciiffcrcncecl
phase points. As was discussed earlier, the lal~del-diffclcl~ce.cl  pbasc  measurement error is
dominatcci  by signal transmission through the solar plasma. ‘l’he calculated error was
1.8 mm for Sun-Ilarth-h4ars  (SI~M) tingle of 25°, but so]ar p]asnla-induced phase
fluctuations on the rcccivcci signais  cicpcnci  strongiy  on [hc SIiM angle, which is greater
than 25° during most of the 13arth-Mars synodic  period. It turns out, however, that the
covariancc  anaiysis  results change little if the data noise is ciyna]nicai]y  ciccrcascci  to :iccount
for the changing SHM an~lc.  in fact, uniformly clccrcasing  the measurement noise by an
order of magni t ude changes the errors oft he h4ars parameter cst imatcs by on] y 5 pcrccnt.

Table 3

COVARIANCE  ANALYSIS RESULTS
(Four hour data arcs, 75 psec transponder delay stabiiity)

l’aramclcl”—— .—— ———

c
$’
00 (Cicgkiay)
1() (nuts)
1//, (mas)
@’f (mas)
x ,“1 (mas)
~,”1 (mas)

1 JOrnlal  llflqchlai]~.——.——

3!7 x 10-4
0.011
0.019

1.9
36.4
8-23
5-7
3-6

---------- Consider I :rrors* ------------
.Mars g’rt )p _.__Jhhr\Joll llphcmcris

2.4 X 1 ()-4 0.5 x 1 ()-4

0.001 0.000
0.005 0.00 I
0.7 0.1

22.3 5.()
5-1o 1-3
4-5 0-1
1-3 0-1

0.5 x 10-’$
0.001
0.000
0,1
4.0
0-1
0
0

4.5 x 10-4
0.011
0.020
2.0

43,2
10-24
7.9
4-7

*liIIoIs  dm 1011211111 media, IMh statioti location  aaccrt;iialy,  aa(i 1 iat-(h orientation ancerlaiaty  arc
vaaishin,gly  small d Ihcrd{wc  aot included itl this table.

“1 l<aa~,c 01 valac.s ot>laiacd i’tom 98 independent weekly climates pcrf(vll]L’d  ovel  2 ymr period,

1 ()
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The accuracy of [hc parameter estimates is linlited not by the data weight but rather by
ihc lander transponder delay stability, To investigate this dependence, additional analyses
were performed in which the lander transponder delay was varied between 40 and 300
pscc.  The rcsu]ls arc sunlnlariz,cd  in I;igurc 2, in u’hich tllc total errors (RSS of the formal
and consider errors) arc shown for each pa~amcter. ‘rhc accuracy of the parameter
estimates depends almost linearly on the transponder delay stability for all of the
parameters.

g’ 0.0015

r

—-----~---T----T- —
.* +— ~

T

>–
2 ().00 I

,3 0.0005” _*————

2 0 0  1~——l-—----r----l- — l – - - - ” -  ‘ - r - - - - l
150

L

-——e— y
~———

A

-.4
1 ()()
50 —-~———* - o -

0 ——1--.--l--__l_ — 1 — - . .

o 50 100 150 200 250 300 350
q’ransponder  I)clay Stability (pscc)

Figure 2 Covariance  analysis results as a function of transponder delay
stability
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We have also considered the jmpact of usjng data arcs which arc shorter than 4 hours.
I~igurc 3 illL1s[ratcs  the change in ptirametcr  estimate uncer(aintics  as the data arc length is
varied between 1 and 4 hours. For each of these cases wc have assLm)cd  transponder delay
stability of 75 pscc. The most significant benefit of incrcascd data arc lcn.gth is accrLml  as
the tl’aCkjllg  passes arc incrcascd  from ] 102-3  hoLm. in this regime, the accuracy of the
parameter estimates incrcascs  JNLICh  faster’ than the square mot of the JllJJllbC1’ of
JllcasLlrcmcnts  bccausc the ]ongcr data arcs capture a ]argcr fraction of the diuma] sinusoids]
signat  Llrcs in the data. ~llc marginal benefit in increasing from 3 to 4 hOLJJX is ICSS
pronounced, though still somewhat better than the sqLlare mot of the nLIJllbCr of
JllC:lSLll”ClllCJlt  S.

~, ().~(-j4

L

-t—— ‘ —  ~—–”-—
G.+

‘<-
II

-’+–––  (’
~ ().()()2
u
5 o—

- — –  ~-—--_::__L_——

50

p=%

— — . .__—— ~—–”-—l—————

‘3— @
00 –+- x,, -

+}— y,,
A

50

o— ‘SXAL-—

1 2 3 4
IIata Arc ]~cngth (hours)

Figure 3 Covariance analysis results as a function of data arc length
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. .
CONCLUSION

The tracking s[ratcgy  described in this s{udy offc~s a straightforward schcmc for
mcauring  rotational variations of Mars --– weekly SInlLlltaJ-JCOLIS  2-way tracking of a cmicr
phase signal bcw[ccn  an EM(}1 antenna ar~d a nct~}’ork  of Mars landers. The landers arc
mangcci so thal pairs of (hem define 1000 km basc]ines  in the NOIIh-SOLIth and the F.ast-
Wcst dircc[ions.  Ibr’ best rcsLi]ts,  the weekly tracking  passes shoLIld bc sevcr~i] 11OLWS in
ciuration. Using this tracking strategy, the orientation of hl:ils can be monitored with
unprcccdcn(c(l  accuracy.

The abilily  to rccovcr Mars orientation info) mation from lall(lcr-(liffcrc~~cc(l  carrier
phase depends strongly on the diurnal thcma]  clc]ay stabili[y of the lander transpcmdcrs,  as
well as the length of the data arcs. The dependence on transponder delay stability is
J>J”aCtiCa]]y  ]incar  in the regime of stabilities ran~~ing from 40300  pscc. ‘rhc parameter
estimates improve significantly as the data arcs arc ]engthcne.d to 3 or 4 hours. Assuming
lander transponder delay stability of 75 pscc, 4 lmur data arcs allow estimation of Mars’
polar moment of incr(ia to ().1%, i.e. the 50 m annual proccssiol]  of M:irs can bc lllCaSLlrCd
with 5 cm :ICCL1121CY. ‘1’his is accurate enough to pmvidc  a strong  constraint
cm radial  density profi]cs for the pl:inet’s  interim, in par[icLdar  enabling boLmds  10 bc set on
the iron content of the core and mant ]c. Furlhe.r”morc,  sLlch accurate knowledge of lhe po] m’
moment of incr(ia woLdd provide constraints on tl]c long term variations jn Mm’ ob]ic]Llity
and climate. Wc have also shown that Mars’ polar motion and length-of-day variability can
bc measured to the 4-24 mas (7-40 cm) level. This js sufficiently accurate to enable
detection of prcdictcd  Icngth-of-day  variations and polar motions arising from the seasonal
melting and rc-frcc~,ing  of the C(12 icc caps at the p]anct’s  po]cs.
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APPENDIX

TO model solar plasma-induced fluctLlations  on radio signals transmitted by
interplanetary spacecraft, the plasma is imaginccl  to bc confined to a thin scrccn Jx+ssing
through Ihc ccntcr  of lhc sLm and pcrpcndjcLl]ar to tl]e line connecting the spacecraft and the
earth. This construction is valicl  only when the SLln-Earth-Mars  angle is lCSS than 90°, bLl~
in this development wc arc conccrncd with the effect of the plasma when it is most
significant -– at small Sun--F. arth-h4ars  ang]cs. A random fut)ction,  ~(x), rcprcscnts the
phase flL1ctLlaticm induced on a radio signal as it pcllctratcs the plasma scrccn a~ a clistancc  x
from the ccn(cr of the sun. ‘1’hcn the quantity @(l) +.\-) - @(x) rcprcscnts  the differential phase
f]uctLmtion  indLlccd on two signa]s  which arc separated by a distance b when passing
Itlrougtl t hc plasma Scl”ccn . Since Aflars is 1.5 times farther from the Sun than is Earth, the
clistancc b is always ICSS  than half the distance bcti~ecn  the two landers; here wc will usc h
= 500” km.

‘1’0 dctcrminc the ])lasllla-jll~ll]cccl  phase erJ or on radio lllc:isLllc]llcllts,  the spatial
structLwc  function of phase, D(b), is conq>Lltcd.  TIIC strLmturc fLlnction of phase is defined
as: l)(b) = <(o ~1)+.xj - @ (x))~ >. Here, brackets d(note  ensemble average. D(b) may bc
viewed as rcprcscnting  the phase varjance  of a diffcrenccd  phase mcasurcmcnt.  The )owcr

Ispectrum of electron dcnsit  y fluctuations, which has been dctcrmi  ncd cxpcrimcntall  y 0, can
6C used to calcLdatc  a fornl~lla for 1~(1)) (Ref. 14):

2.5 X 10]4C

‘)(1’)  =  (f~{f)~
x (bA~T},,)lc’$ x (sin(SIH>))-245

In this expression, fl~l is the signal radio frcquc]lcy  in llz,, S1 i]’ is
ang]c,  c is the speed of light, and ~~.$},, is the velocity of the solar
knl/see).

m 2

the Sun-13arth-F’robe
wind (typically 400

Know]cdgc  of the strLlcturc  function enables calculation of the temporal correlations
bctwccn plasma-induced errors on radio mcasul cmcnts. l;irst note that bccaLlse  of the
dynamics of the solar wind, the plasma-induced phase fluctuation, @, is actLlally  a function
of both space and time, @ = @(x, t) . ]f however, it is assLmlcd that the p]asma turbLllcnce
consists of fixed structLwcs  which maintain their sllapc as they travc] radially oLltward from
lhc sun at velocity ~’,f,,), then @ may bc written as a function of a single variable, ~(x,~)  =
$(x- l),v,,!t).

1.ct  A@(b, 7;) ES _@(b+x,  ti) - @(x, ~i) and AO(b,  7;) ~ ‘@J(h+x, ?j) - ~(x, tj) b e  t h e
Station-diffcl”cnccd  J)hasc at earth rcccivc  tjmcs Ti and T j , along a baseline whose
projection onto the p]asma scrccn has length  b. ~]crc, Ii = ~’i - { light trave] time frOJll
p]asma SCrCC]l  10 earth), and tj = 7; - {light travel Iimc from plasma screen to earth}.

The tcJNporal covariance  is conqlL]tcd  as

(Ad~l>, 7j)AdJ(b, 7;) ) = (( ~b+.~l~i)  -

= ( ‘@(’/2 +X,li)  ‘@(/~+  .i”,fj)) -

-  (  ‘@(12  +X,lj,) $(~,fi)) +



Assuming @is stationary,

( wzf) w)’)(’))= (r(~”v.wf) d(.y-v.d ‘)) = (d’(~-)-~’f)!(l-f’))  o(~))
and

l>(p) = ((q) (p+x) - q) (X)p  ) = 2 {(q+ - (q)(p)(j)(o))}.

Applying the above two cqualions  yields:

g’his expression allc)ws the computation of a covariancc  matrix for an arc of
nlcasllrcmcnts. IIowcvcr,  in oLlrparalllcter cstitllatioll  software. we weight the landcr-
diffmcncccl  Jhmpoints  asuncorrclatccl white noise. WC need to estimate the best white
phmc nojsc  lCVCI to use so that ihe unccrtai  ntics irl estimated mode] parameters rcpor[cd  by
our program arc no better than the Lmccrtaintics  implied by the trLlc solar plasma covaritincc.

l’hc model parameters wc estimate impose  a signature on the sing] y-diffcrcnccd phase
data with a pcrjod  g,ivcn  by Mars’ rotation rate. l~or a single obscrvjng  pass, wc consider
the matrix equation

z:= Ax+ V

where z, is the value of (he measurements, a-i aI c the mode] parameters to bc cstinlatecl,
A, j arc the part i a] dcrivalivcs  of the mcasurcmcnt with respect to the mode] parameters, and
Vi’ is the mcasLwcmcnt  misc. ‘l’he estimated covariance  on the model parameters is given

by

(X,X,)= (A’,VA)l

where A“ is the transpose of the partia]s  matr)x and kt7 is Ihc weighting matrix. The
optimal least-squares estimate and covariancc  is given by choosing a wci hting matrix that

Fis the invcmc of t hc act ual mcasurcmcnt noise covariancc:  \V{),, = (VV )-’ . If WC use a
d iffcrcnt  weight i ng mat rix, the corresponding act ml covariancc can bc computed by

(x,x,)= (A7”WA)’A’W(,,V,)  WA(A7M  A)-’ (Al)

This expression for the actual covariancc  is indcpcndcnt  of the sca]c of the weighting
matrix, so wc can choose the scale of the weighting matrix so that the computccl cmvariancc
rcpor[cd  by the least-squares pmmctcr  cstimal ion prog,ram,  A7’WA , matches the actual
covariancc  as closely as pmsiblc.

l~or this study, wc considcmd  a four-hour pass of’ singly dii”fcrcnccd  data taken at 1-
sccond  intervals and cstimatccl  three parameters; a phase bias and the amplitudes of
sin({o[)  :ind COS( CLU) to estimate an arbitrary sinusoidal sif,nat Llrc wit h fo the angLIlar
rotation rate of Mars. WC find, for a frcc]uency of 2.3 Gllz and SIW of 25° that using a
white mcasLu’cnlcnt  noise of 2.3 cm ~ivcs a ~’ompLltcd  covariancc  (A ~’kVA )-1 for the
estimated parameters that is slightly (<5%) larg~r than [hc :ictua] covariancc  obtained from
]iq. (A]). ~ T}lC actLlal covarjancc  is aboLlt  1 ()% larger than the optimal covariancc,
(Af’W A)- , indicating that wc pay a 10% pcn:dty  for not having the capability to LISC the
trLlc n%isLlrcmcnt  covariancc in f{mning,  the p~iramctcr cstin Mtcs. For OLIr simulations wc
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t
have compressed our data to S-minute Jmints,  for which the l-way white-phase noise
would  bc 1.3 mm. The corresponding noise level for two-way mcasurcmcnts is 1.8 mm.
Wc have usccl this noise level for all SEP angles so wc arc bcin:, fairly conservative in our
clala  weights.
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